The maltose transport system in Escherichia coli is a member of the ATP-binding cassette superfamily of transporters that is defined by the presence of two nucleotide-binding domains or subunits and two transmembrane regions. The bacterial import systems are unique in that they require a periplasmic substratebinding protein to stimulate the ATPase activity of the transport complex and initiate the transport process. Upon stimulation by maltose-binding protein, the intact MalFGK 2 transport complex hydrolyzes ATP with positive cooperativity, suggesting that the two nucleotide-binding MalK subunits interact to couple ATP hydrolysis to transport. The ATPase activity of the intact transport complex is inhibited by vanadate. In this study, we investigated the mechanism of inhibition by vanadate and found that incubation of the transport complex with MgATP and vanadate results in the formation of a stably inhibited species containing tightly bound ADP that persists after free vanadate and nucleotide are removed from the solution. The inhibited species does not form in the absence of MgCl 2 or of maltose-binding protein, and ADP or another nonhydrolyzable analogue does not substitute for ATP. Taken together, these data conclusively show that ATP hydrolysis must precede the formation of the vanadate-inhibited species in this system and implicate a role for a high-energy, ADP-bound intermediate in the transport cycle. Transport complexes containing a mutation in a single MalK subunit are still inhibited by vanadate during steady-state hydrolysis; however, a stably inhibited species does not form. ATP hydrolysis is therefore necessary, but not sufficient, for vanadate-induced nucleotide trapping.
Maltose transport across the cytoplasmic membrane of Escherichia coli is mediated by a periplasmic maltose-binding protein (MBP) that directs maltose to a membrane-associated transport complex (MalFGK 2 ) that contains two transmembrane-spanning proteins, MalF and MalG, and two copies of an ATP-binding protein, MalK (4, 10) . Transport activity has been reconstituted in proteoliposomes from purified components, demonstrating that ATP is hydrolyzed by MalFGK 2 during translocation (10) . The MalFGK 2 complex is a member of the ATP-binding cassette (ABC) superfamily, also known as traffic ATPases (13, 18) . ABC proteins serve important functions in both prokaryotes and eukaryotes, and mutations in genes encoding ABC proteins are associated with several disease states, including cystic fibrosis, macular dystrophy, adrenoleukodystrophy, and hyperinsulinemia (1, 19, 24, 26) . The development of multiple drug resistance in tumors following chemotherapy is sometimes associated with overproduction of another ABC protein, P-glycoprotein (Pgp), which mediates the ATP-dependent efflux of chemotherapeutic drugs from tumor cells (6) .
The conservation of two nucleotide-binding domains or subunits in the ABC family suggests that both are required for function. In the maltose transport system, mutations in a single MalK ATPase subunit reduce both maltose transport and ATPase activities to less than 10% of the wild-type levels (11) . ATP is hydrolyzed by MalFGK 2 with positive cooperativity (8) , indicating that the two subunits interact.
Further insight into the structure and function of the maltose transport system can be gained by analyzing the mechanism of inhibition by vanadate. Orthovanadate is an analog of inorganic phosphate, and previous work delineated two different mechanisms by which vanadate inhibits ATPases. In the myosin and dynein ATPases, vanadate acts by trapping, or occluding, nucleotide at the active site (15, 29) . In the threedimensional structure of myosin complexed with vanadate, ADP lies in the nucleotide-binding pocket with vanadate in the position where the gamma phosphate of ATP would normally lie (31) . The vanadium appears to interact with five oxygens, mimicking the gamma phosphate during the transition state for ATP hydrolysis. In the Na ϩ /K ϩ -transport ATPase, vanadate inhibits by binding to the phosphorylation site in the absence of nucleotide, stabilizing a low-energy conformation of the transporter (22) . As with myosin, inhibition of Pgp by vanadate involves trapping of nucleotide (37) . Nucleotide can be trapped in either of the two nucleotide-binding sites, suggesting that both are catalytic. Furthermore, complete inhibition of ATPase activity occurs when only one nucleotide-binding site is occupied, which suggests that when one site takes on the catalytic conformation, the other cannot hydrolyze ATP (36) . The cystic fibrosis transmembrane regulator exhibits vanadateinduced trapping of nucleotide only in the carboxyl-terminal nucleotide-binding site, and the amino-terminal site binds nucleotide tightly in the absence of vanadate, suggesting that the two sites function differently in this ABC transporter (32) .
In this study, we investigated the interaction between vanadate and the maltose transport system and found that nucleotide occlusion also occurs in MalFGK 2 but only in the presence of vanadate. Because the maltose transport complex is catalytically inactive in the absence of the periplasmic MBP, we can for the first time directly assess the requirement for ATP hydrolysis in vanadate trapping. The results are consistent with the trapping of a transition-state analogue in the nucleotidebinding site and provide evidence for a high-energy ADPbound intermediate in the translocation cycle.
MATERIALS AND METHODS
Purification and reconstitution of the maltose transport complex. The maltose transport complex MalFGK 2 , modified with a polyhistidine tag at the N terminus of MalK, was overexpressed in E. coli essentially as described previously (10, 11) , except that expression was induced with isopropyl-␤-D-thiogalactopyranoside (IPTG) at a final concentration of 0.01 mM and cells were grown overnight at 23°C. The complexes were purified by metal affinity chromatography as described previously (11) with the following modifications. Detergent-solubilized transport complexes were bound to Talon affinity resin (Clontech) equilibrated with buffer containing 20 mM sodium HEPES (pH 8), 100 mM NaCl, 10% glycerol, and 0.01% n-dodecyl-␤-D-maltoside. The column was washed with the equilibration buffer, and then the transport complex was eluted in the same buffer containing 100 mM imidazole. Preparations were Ͼ90% pure as judged by Coomassie blue staining of sodium dodecyl sulfate-polyacrylamide gel electrophoresis gels (data not shown). For reconstitution, purified complexes were dialyzed to remove imidazole and mixed with sonicated Escherichia coli phospholipid at a lipid-toprotein ratio (milligrams/milligrams) of 50 in the presence of 1% octyl-␤-Dglucopyranoside. Proteoliposomes were formed following dilution of detergent, as described previously (10) , and either used fresh or stored frozen at Ϫ70°C in aliquots until use.
The isolated MalK protein was purified from strain BL21(DE3) carrying plasmid pMF8 by the procedure of Walter et al. (38) . Plasmid pMF8 is a derivative of pT7-7 (33) with malK under control of pT7.
Assay of ATP hydrolysis. Proteoliposomes containing purified, wild-type transport complexes were assayed at 37°C in the presence of 10 mM MgCl 2 , 5 M MBP, 0.1 mM maltose, 20 mM sodium HEPES (pH 8), 1 mM dithiothreitol, and 1 mM [␥-
32 P]ATP. Liu et al. (21) established that proteoliposomes are freely permeable to binding protein and ATP in the presence of 10 mM MgCl 2 at 37°C, allowing the efficient stimulation of ATP hydrolysis by MBP. Proteoliposomes containing mutant transport complexes that can transport maltose and hydrolyze ATP in the absence of binding protein (binding-protein-independent transport complexes) were assayed either at 23°C as described previously (8) or at 37°C with 10 mM MgCl 2 , as described for the wild type. A continuous coupled assay utilizing pyruvate kinase and lactate dehydrogenase (28) was used to assess the time course of inhibition of ATPase activity in the presence of vanadate. (Vanadate, under the conditions used, did not significantly affect the activities of the coupling enzymes.)
Vanadate-induced inhibition of ATPase activity. Stock solutions of vanadate were prepared and used as described previously (15, 37) . To induce the formation of a stably inhibited transport complex, proteoliposomes containing purified MalFGK 2 were preincubated with the indicated concentrations of vanadate and nucleotide in 20 mM sodium HEPES (pH 8.0) for 20 min with either 2 mM MgCl 2 at 23°C (nonpermeabilizing conditions) or 10 mM MgCl 2 at 37°C (permeabilizing conditions). Prior to the assay, free vanadate and nucleotide concentrations were reduced either by diluting samples at least 100-fold in 20 mM sodium HEPES (pH 8)-0.1 mM EDTA, by gel filtration in the same buffer, or by dilution and centrifugation of the proteoliposomes at 400,000 ϫ g for 10 min in a Beckman TL-100 ultracentrifuge. Following removal of vanadate, the samples were maintained at 4°C until used in the assay.
Estimation of the molar ratio of nucleotide to protein in the vanadate-trapped species. To determine whether nucleotide was tightly bound to the transport complex, either [␣-32 P]ATP or [␥-32 P]ATP was used in place of nonradioactive ATP and complete separation of bound from unbound nucleotide was obtained by gel filtration through 0.5-by 15-cm Sephadex G-50 columns. The concentration of ATP used was determined from the optical density of the sample at 258 nm, using an extinction coefficient of 15,400 M Ϫ1 cm
Ϫ1
. The specific radioactivity of ATP was determined by counting aliquots of the same stock solution. Protein concentrations were determined as described previously (10) by the method of Schaffner and Weissmann (27) , assuming M r values of 170,000 for MalFGK 2 and 40,000 for MalK. The concentrations obtained by this method agreed well with an estimate of protein concentration made from the total amino acid analysis of purified transport complex in buffer with 0.01% n-dodecyl-␤-D-maltoside (Protein Chemistry Core Facility, Baylor College of Medicine).
Thin-layer chromatography was performed on Cellulose PEI plates (J. T. Baker), using 1 M LiCl to separate ATP from ADP.
RESULTS
Vanadate inhibition of a binding-protein-independent transport complex. The purified maltose transport complex MalFGK 2 is readily reconstituted into proteoliposomes where both maltose transport and ATPase activities can be measured (9, 12) . In a wild-type system, both maltose transport and ATPase activities are tightly controlled by the soluble MBP. Mutations which allow maltose transport and ATP hydrolysis to occur in the absence of MBP have been isolated in the malF and malG genes (12, 30, 34) . These mutant transport complexes, termed binding-protein-independent transport complexes, are hypothesized to stabilize the transport complex in a catalytically active conformation that is normally induced on interaction of MBP with the wild-type MalFGK 2 , and they have greatly facilitated the characterization of the ATPase activity of this transporter (8) . Both the wild-type and binding-protein-independent transport complexes are inhibited by vanadate (8, 17) , and a binding-protein-independent complex that displayed high ATPase activity, MalF500GK 2 , was used in the initial characterization of vanadate inhibition. The MalF500 protein contains two amino acid substitutions in the putative transmembrane domains, Gly to Arg at position 338 and Asp to Ile at position 501 (7), which allow transport to occur in the absence of MBP. Figure 1A shows the progress curves for ATP hydrolysis by the binding-protein-independent complex, utilizing a coupled assay. In the absence of vanadate, the rate of ATP hydrolysis was essentially linear until NADH was depleted. Addition of increasing concentrations of vanadate to the assay mixture leads to progressively greater inhibition of ATPase activity. Although mixing was complete within 10 s of the addition of vanadate, the reaction slowed in a time-dependent fashion, which is more characteristic of a slow-acting, irreversible inhibitor than of a classical reversible inhibitor.
To detect the formation of a stably inhibited species, complexes were preincubated with 0.1 mM vanadate for the indicated time and then diluted 100-fold to reduce the effective concentration of vanadate to subinhibitory concentrations. Figure 1B shows that in the presence of ATP, a relatively rapid, time-dependent decrease in ATPase activity was observed, reaching completion within 5 to 20 min. In the absence of ATP, or if ADP was substituted for ATP, pretreatment with vanadate had no inhibitory effect on the ATPase activity, even after 1 h of incubation. As documented below, the inhibition was not reversed by dilution, gel filtration, or centrifugation and washing of proteoliposomes. The extent of inhibition was essentially the same whether the ATPase activity was measured immediately after dilution or following a prolonged incubation (1 to 5 h) at room temperature, indicating that the vanadate-inhibited form of the complex is stable (Fig. 1B and data not shown). An estimate of the actual lifetime of the inhibited species was complicated by the instability of the uninhibited transport complex to prolonged incubation (Ͼ24 h).
The fractions of initial activity remaining approximately 4 min after the addition of vanadate to the continuous-assay mixtures in Fig. 1A are plotted as a function of vanadate concentration in Fig. 1C . These data correlate well with estimates of the ATPase activity after proteoliposomes are preincubated with vanadate for 20 min and then diluted 100-fold prior to the assay. In both cases, 50% inhibition was observed at approximately 20 M vanadate, with maximal inhibition at 100 to 200 M. These results are similar to those reported previously for unpurified preparations (8) .
The conditions for stable inhibition of the ATPase activity of the binding-protein-independent MalF500GK 2 complex by vanadate were systematically analyzed by eliminating one or more components of the preincubation medium (Table 1 ). In addition to ATP, MgCl 2 was required for inhibition. The nonhydrolyzable analogs ADP and ␤,␥-imidoadenosine 5Ј-triphosphate (AMPPNP) were not able to substitute for ATP in the formation of the stably inhibited species. Neither an increased ADP concentration (5 mM) nor an extended period of preincubation (5 h) resulted in significant inhibition of ATPase activity compared to that produced by control samples (data not shown). The requirements for Mg 2ϩ and a hydrolyzable nucleotide suggest that ATP hydrolysis may be essential for vanadate inhibition.
Vanadate inhibition of the wild-type transport complex. If ATP hydrolysis is essential for vanadate inhibition, then, in the wild-type system, stable inhibition by vanadate should occur only in the presence of MBP since ATP hydrolysis occurs only in the presence of MBP. Experiments similar to those in Table  1 for the binding-protein-independent transport complexes were repeated using the reconstituted wild-type transporter. In this series of experiments, 10 mM MgCl 2 was present in all preincubations and nucleotide and MBP were varied (Table 2) . If MBP was not present during pretreatment, no stable inhibition of the transport ATPase was observed either with vanadate alone or with vanadate in combination with ATP. If MBP was added during the preincubation to stimulate ATP hydrolysis, vanadate plus ATP resulted in stable inhibition of the ATPase activity. Like the binding-protein-independent complex, treatment with vanadate alone or ATP alone had no effect and the use of ADP or AMPPNP rather than ATP failed to generate a stably inhibited species. These results demonstrate that inhibition by vanadate requires ATP and suggest that the complex must hydrolyze ATP, or at least be capable of hydrolyzing ATP, to form the inhibited species.
Dependence of vanadate inhibition on nucleotide concentration. The ATP concentration dependence of vanadate inhibition is shown in Fig. 2 for the binding-protein-independent MalF500GK 2 transporter. Concentration curves are depicted for preincubation with two different vanadate concentrations, 0.1 and 0.5 mM, and at two different protein concentrations, 0.15 or 1.5 M. After treatment and before the assay, proteoliposomes were diluted and collected by centrifugation to remove vanadate from solution. The concentration of ATP required to achieve half-maximal inhibition was a function of both vanadate concentration and protein concentration, varying from less than 10 M (at low protein and high vanadate concentrations) to 500 M (at high protein and low vanadate concentrations). Clearly, factors other than the half-saturation 
a Proteoliposomes were preincubated at 23°C in 20 mM HEPES buffer (pH 8). Where indicated, 2 mM nucleotide, 0.1 mM vanadate, and/or 2 mM MgCl 2 was added. Samples were diluted 100-fold and then assayed for ATPase activity.
b The ATPase activity of the untreated sample (2.5 mol/min/mg of protein at 37°C with 1 mM Binding of nucleotide to the vanadate-inhibited species. To determine whether the maltose transport complex contains tightly bound nucleotide either before or after vanadate treatment, proteoliposomes were preincubated for 20 min at 23°C with 3 mM MgCl 2 in the presence of either [␣-32 P]ATP or [␥-32 P]ATP and then separated from unbound nucleotide by gel filtration. Some radioactivity became tightly associated with proteoliposomes in the absence of vanadate; however, this binding was nonspecific as evidenced by the failure of excess unlabeled ATP to compete for binding and by the tight association of similar amounts of radioactivity with liposomes lacking MalFGK 2 . Between 4 and 10 times more radioactivity became associated with proteoliposomes in the presence of vanadate and [␣-32 P]ATP, indicating that vanadate does lead to nucleotide trapping in the transport complex. No increase over background radioactivity was observed with [␥-32 P]ATP, suggesting that ADP rather than ATP was trapped by vanadate. Thin-layer chromatography was used to confirm that the tightly bound nucleotide had been hydrolyzed (data not shown). In preliminary experiments using 0.1 mM [␣-32 P]ATP and proteoliposomes containing the binding-protein-independent MalF500GK 2 complex, 80% of the ATPase was stably inhibited by vanadate yet only 0.12 mol of nucleotide was incorporated per mol of protein. This discrepancy is due in part to the use of intact proteoliposomes. Only transport complexes oriented with their nucleotide-binding sites exposed on the surface can be inhibited and assayed, while all transport complexes were detected in the protein assay. This limitation is overcome by adding MgCl 2 at a concentration high enough to render the proteoliposomes permeable to hydrophilic solutes (21) . Because the MgCl 2 treatment results in some aggregation of vesicles, proteoliposomes are solubilized to obtain complete separation of protein from free nucleotide; the vanadatetrapped complex proved to be stable to solubilization and gel filtration in the detergent n-dodecyl␤-D-maltoside. A second factor that increased vanadate-induced nucleotide trapping was the use of higher concentrations of ATP, although nonspecific binding of nucleotide was also increased. Using a concentration of 0.4 mM ATP, a ratio of 0.77 mol of ADP bound per mol of MalF500GK 2 was obtained (Table 3) . Near-stoichiometric amounts of nucleotide also became tightly bound to the wild-type transport complex when MBP was present (Table  3 ). In the absence of MBP, no nucleotide was trapped and, as shown previously, the ATPase activity was not inhibited (Table  3) . Inhibition of ATPase activity and trapping of nucleotide in transport complexes containing a mutation in a single MalK subunit. Substitution of an Asp for Lys in the nucleotidebinding site of just one of the two MalK subunits in MalFGK 2 greatly reduces but does not eliminate the maltose transport and ATPase activities of the transport complex (11) . To determine whether the ATPase activity of this mutant transport complex is still sensitive to vanadate inhibition, proteoliposomes containing the purified mutant transport complexes (11) were incubated in the presence or absence of vanadate. The MBP-stimulated ATPase activity of this mutant was inhibited when vanadate was present during the assay (Table 4) ; however, no stable inhibition of ATPase activity is observed following treatment with vanadate in the presence of MBP (Table  4 ) and no trapping of nucleotide is observed (Table 3) . For comparative purposes, the effects of vanadate on the isolated MalK protein were also examined. The rates of ATPase activity by the isolated MalK protein and the mutant transport complex are comparable, but the isolated MalK protein is reportedly not inhibited by vanadate (23) . In agreement with the published data, we observed only a modest ability of vanadate to inhibit the ATPase activity when present in the assay medium, even at the relatively high concentration of 0.5 mM, and no stable inhibition of ATPase activity or nucleotide trapping was detected (Tables 3 and 4) .
DISCUSSION
In this study, we found that MalFGK 2 is inhibited by vanadate and that this inhibition continues even after vanadate is removed from solution. In contrast to the uninhibited transport complex, which does not bind nucleotide tightly, the vanadate-inhibited species binds ADP tightly. Given that an enzyme functions as a catalyst because it can bind tightly to and stabilize the transition-state conformation of its substrate (14) , the ability of vanadate and ADP to form a transition-state analogue provides a rational explanation for the stability of the vanadate-inhibited MalFGK 2 complex. In support of this hypothesis, we found that in the maltose transport system, ATP hydrolysis is an obligatory step in the formation of the inhibited species. A periplasmic binding-protein-dependent transport system is uniquely suited to demonstrate a requirement for ATP hydrolysis because the ATPase activity is tightly regulated by MBP. In the presence of MBP, incubation with vanadate leads to formation of the inhibited species. In the absence of MBP or of MgCl 2 and hence of ATP hydrolysis, the vanadate-inhibited species does not form, as expected if the transport complex is unable to adopt or stabilize the transitionstate conformation. Further support for this hypothesis comes from the observation that ATP but not ADP supports the formation of the vanadate-inhibited species; ATP must be hydrolyzed to ADP before trapping can occur.
The failure of ADP to support formation of the vanadateinhibited species in MalFGK 2 is significant because, in some systems, the addition of either ATP or ADP induces the formation of the inhibited species and, in dynein and myosin, ADP is a better substrate for vanadate trapping (15, 29) . These differences are likely to reflect differences in the way that the free energy of ATP hydrolysis is coupled to the work performed by the enzyme. In the basic scheme proposed for inhibition, vanadate binds to a MgADP-bound form of the enzyme that can be generated either from ATP following ATP hydrolysis and dissociation of inorganic phosphate (P i ) or from ADP via direct binding of ADP to the enzyme (15, 29, 36) . Given that ADP is a good inhibitor of MalFGK 2 ATPase activity and therefore binds to MalFGK 2 (A. L. Davidson, unpublished data), our data provide clear evidence of more than one ADP-bound intermediate in the pathway of ATP hydrolysis by MalFGK 2 . As shown in Fig. 3 , we suggest that a high-energy ADP-bound intermediate is formed immediately following ATP hydrolysis and P i release and that vanadate binds to this intermediate to form the trapped species. In the noninhibited case, ADP would be briefly occluded in this highenergy form, unable to dissociate until the protein relaxes to a lower energy form. The low-energy form would be equivalent to that formed from the binding of ADP directly, and it appears that vanadate cannot easily trap nucleotide by binding to this species. In the special case of the ABC protein Pgp, even though both ATP and ADP support the formation of the vanadate-inhibited species, the rate of formation of the inhibited species was higher with ATP than with ADP (37) . Thus, the reaction scheme presented in Fig. 3 can readily describe ATP hydrolysis and vanadate inhibition by both ABC proteins if we assume that step 4 is more readily reversible in Pgp than in MalFGK 2 . For Pgp, it had been postulated that step 3, the release of P i , would be associated with a large free energy decrease that could be coupled to transport (36) . Given the complexity of active transport, the free energy associated with ATP hydrolysis may actually be released in increments (steps 3 and 4) that are coupled to different conformational changes that mediate translocation.
The scheme in Fig. 3 can also account for the time depen- dence of vanadate inhibition observed in Fig. 1 . Since step 4 (relaxation) and step 6 (vanadate binding) compete for the same substrate (*MalFGK 2 ⅐ ADP), multiple turnovers can occur before a protein binds to and is ultimately inhibited by vanadate. The appearance of multiple turnovers and hence of a time lag in the formation of the inhibited species could potentially be eliminated by higher concentrations of vanadate; however, the use of higher concentrations is contraindicated since orthovanadate is converted to potentially inhibitory higher-order vanadium species (15) . This inefficiency in vanadate trapping would also account for the variation in ATP concentration required to obtain 50% inhibition under different conditions, as observed in Fig. 2 . At 1.5 M MalFGK 2 , ATP is hydrolyzed at a rate of 0.8 mM/min, and rapid depletion of ATP and accumulation of ADP may halt hydrolysis prior to complete formation of the vanadate-inhibited species. In a complex containing a mutation in a single MalK subunit, the ability of vanadate to inhibit ATPase activity is conserved; however, stable inhibition of ATPase activity following removal of free vanadate is not observed. According to the model, the simplest explanation for these results is to assume that vanadate still inhibits by interacting with ADP to form a transition-state analog but that the stability of the transitionstate complex (*MalFGK 2 ⅐ MgADP ⅐ V i ) is reduced in proportion to the reduction of catalytic activity (step 2 of Fig. 3 ). Under these circumstances, once vanadate is removed from solution, vanadate and ADP would dissociate from the active site. Given that the mutant complex still displayed significant MBP-stimulated ATPase activity (1 to 2% of the wild-type activity), it is clear that while ATP hydrolysis is necessary, it is not sufficient for vanadate-induced nucleotide trapping. These data offer an alternative to the conclusion that the failure of vanadate to trap 8-azido-ATP in a mutant Pgp is synonymous with the lack of even a single turnover event (35) .
Given that the isolated MalK protein exhibits a rate of ATPase activity similar in magnitude to that of an intact transport complex containing a mutation in a single MalK subunit, the failure of vanadate to inhibit isolated MalK does not result from its low catalytic activity. The scheme in Fig. 3 offers an explanation for the ability of vanadate to inhibit MalK ATPase activity in the intact complex but not in the isolated protein.
The high-energy ADP-bound conformation may be stabilized in the intact complex, relative to the isolated MalK subunit, through intersubunit interactions. This stabilization may be achieved by coupling the decay of this species (step 4) to a relatively slow conformational change in the transport complex, allowing vanadate to bind to and inhibit the enzyme. This conformational change may involve binding, transport, or release of the translocated substrate, and/or it may be linked to interactions between the two nucleotide-binding sites within the context of an intact complex. It should be noted that the homologous HisP protein, which is catalytically active only as a dimer, also cannot be inhibited by vanadate in the absence of the membrane-spanning components of its transport complex (25) .
One of several models that is consistent with the data might link dissociation of ADP from one MalK subunit to the binding of ATP to the second MalK. From the structure of RAD50cd, a soluble ABC dimer, a loop immediately following the Walker B consensus motif in one nucleotide-binding site has been identified (the D-loop) that appears to contact nucleotide in the second nucleotide-binding site and could mediate such communication (16, 20) . ATP hydrolysis by the two nucleotidebinding sites of MalFGK 2 and other ABC transporters is clearly coupled since mutations in one nucleotide-binding site severely impair ATP hydrolysis in the second site (2, 3, 11) . Similarly, in Pgp, vanadate-induced trapping of nucleotide in a single nucleotide-binding site prevents ATP hydrolysis in the second site (37) . We also observe a maximum of one nucleotide bound per MalFGK 2 complex, implying that a mechanism similar to that of Pgp may be operating in maltose transport. However, the variation in the amount of ATPase activity remaining after incubation with vanadate (Table 3) weakens our argument. As documented for the F o F 1 ATPase (5), a mechanism in which nucleotide binding at the second subunit is in some way required to complete a cycle of ATP hydrolysis in the first subunit will also account for the presence of positive cooperativity in ATP hydrolysis by the intact maltose transport system (8) .   FIG. 3 . Scheme for vanadate inhibition of the MalFGK 2 transport complex. This scheme, describing the inhibition of ATP hydrolysis by vanadate (V i ), has been adapted from other work (15, 29, 36) and is modified to contain both high-energy ‫)ء(‬ and low-energy ADP-bound species. In this scheme, step 4, conversion from the high-to low-energy forms of the ADP-bound species, and step 6, formation of the *MalFGK 2 ⅐ MgADP ⅐ V i complex, are not readily reversible, as indicated by the dashed arrows.
